Abstract In this paper, the effects of precipitates and Mn-solute atoms on the recrystallization behavior of an Al-Mn alloy was studied using micro-Vickers hardness, electrical conductivity measurements and optical microscopy. Various thermomechanical processes were designed to investigate the different morphologies, and the solute concentration, of Mn in the matrix. The results indicate that the recrystallization temperature, T R and time, t R , are influenced by the amount of M-solute atoms in the matrix, and that the recrystallization microstructure is influenced by the amount of precipitates. Recrystallization in the SlowCooling specimen was rapid due to its low concentration of Mn-solute atoms, and the crystal-grain size was the smallest due to finely distributed precipitates. However, in the case of the No-Holding specimen, elongated grains were observed at the low annealing temperature and the largest recrystallized grains were observed at the high annealing temperatures (compared with Slow-Cooling and Base specimens) due to the high Mn-solute atoms in the matrix.
Introduction
Al-Mn based aluminum alloys generally containing manganese as the major alloying element and silicon and iron as minor alloying elements or impurities are nonheat treatable alloys but effectively strengthened by deformation such as cold-rolling. 1, 2) These alloys have been widely used for the beverage can and heat exchanger materials due to their excellent combination of strength, ductility, corrosion resistance and electrical/thermal conductivities. [3] [4] [5] [6] [7] [8] The complicated thermo-mechanical processes including homogenization, deformation and annealing treatments are generally applied to the alloys during manufacturing processes. The thermo-mechanical processes determine the mechanical properties of the AlMn alloys because the intermetallic compound characteristics of microstructures such as the type, size and distribution of constituent particles are greatly modified. Especially, during the homogenization treatment, a large amount of particles precipitate in the supersaturated matrix with Mn. The constituent particles have a significantly different size distribution, i.e. primary particles have a size of 1-5 µm and the precipitates of 50-200 nm. It is established that larger particles (> 1 µm) can act as the particle-stimulated nucleation sites, which generally accelerate recrystallization. On the other hand, finer particles retard grain growth by pinning grain boundaries.
9-11)
The objective of this study is to investigate the effect of annealing temperature, time, second phase particles and Mn solute atoms on the recrystallization behavior of the Al-Mn alloy quantitatively.
Experimental Procedure
The material used in this experimental work was a DC cast AA3003 alloy ingot. The chemical composition of the alloy is Mn 1.05, Fe 0.52 and Si 0.28(wt %). The homogenization heat treatment was conducted in an Ar circulation furnace. Specimens were heated to 600 o C under various homogenization conditions. The homoge- † nization conditions are described in Table 1 . The specimens were cold-rolled to 90 % reduction at R.T. after homogenization. The isochronal annealing was conducted at temperatures from 250 to 500 o C for 1 h in an Ar circulation furnace after cold-rolled. The isothermal annealing was also conducted at 350 o C. The thermo-mechanical processes in the present work are schematically illustrated in Fig. 1 and Fig. 2 . Fig. 1 shows the thermo-mechanical process of the commercial wrought aluminum alloy. Fig.  2 shows the process of each step in this study.
Specimens were mounted and then metallographically prepared using grinding and polishing equipment. Constituent particles were observed on the surface after etched by the Tucker's reagent (HF : HCl : HNO 3 : H 2 O = 4.6 : 10.6 : 6 : 178.8). The Barker's reagent, i.e. 1.8 % HBF 4 , was employed to anodize specimens to reveal grains by using polarized light of an optical microscope. Micro Vickers hardness measurements were then performed with a load of 200 g. An average of the hardness of 7 indentations was obtained for each specimen. Both of the hardness values of the maximum and minimum were ignored. The electrical conductivity of the alloy was also measured to evaluate the variation of Mn in the solid solution during the each heat treatment.
Result & Discussion
The microstructures of the as-cast and after homogenized by the Base, NH and SC conditions are represented in Fig. 3 and Fig. 4 . The number density and size of precipitates are controlled by various homogenization conditions. The number density of precipitates is the largest in the NH specimen and the fewest in the Base specimen. The size of precipitates is the largest in the SC specimen. The nucleation and growth of precipitates mainly occurred during heating up to 600 o C for the homogenization. Holding at 600 o C, the growth and dissolution of precipitates occurred. Subsequently, precipitates newly nucleate and grow during cooling until room temperature.
12) The size of precipitates is found to be smaller than 0.25 µm. Primary particles (marked ① in Fig. 4 ) are only clearly observed on the grain boundaries in the ascast microstructure. However, both of primary particles on the grain boundaries and fine precipitates (marked ② in Fig. 4 In order to investigate the effect of annealing temperature on the recrystallization behavior, isothermal annealing treatment was conducted for the variously homogenized specimens for 1 h at different temperatures. Micro Vickers hardness of the specimens annealed at various temperatures is shown in Fig. 6 . The hardness of all specimens decreases from 70HV to 35HV with increasing annealing temperature. Then, the hardness of each specimen remains almost constant the value at Fig. 7(d) . The average size of the generated grains is around 10 µm. The temperature at which the hardness becomes 35HV indicates that the recrystallization is almost completed which is designated as T R in this study. The T R is different for each specimen. The recovery behavior occurred at lower temperature than the temperature T R . The microstructure of each homogenized condition at 500 o C is shown in Fig. 8 . The recrystallization is almost finished at high temperature. The recrystallized grain size of the NH specimen is larger than that of other specimens. It does not coincide with the particle stimulated nucleation behavior. The number density of precipitates is the largest in the NH specimen after the homogenization treatment. According to the particle stimulated nucleation (PSN), the NH specimen should exhibit the finest recrystallized grains. However, the NH specimen exhibits large recrystallized grains.
11)
In order to investigate the effect of annealing time on the recrystallization, an isothermal annealing treatment was conducted at 350 o C. Micro Vickers hardness of isothermally annealed specimens at various holding times is shown in Fig. 9 . The hardness decreases from 70HV to 35HV as increasing annealing time. However, the hardness remains almost constant at the holding time of more than 35HV. It indicates that the recrystallization behavior was finished. This hardness result for annealing time is 
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in the similar manner to that shown in Fig. 6 . The time when the hardness becomes almost a constant value of 35HV is designated as t R in this study. The hardness of each specimen remains almost constant even after longer annealing time than t R. It is also indicated that the recovery phenomenon occurred before the time t R. The microstructure of each specimen is shown in Fig. 10 . The recrystallization is finished in the Base and SC specimens. However, the recrystallization does not occur in the NH specimen. The grain size of the SC condition specimen is smaller than that of the Base condition specimen. The grains in the NH condition specimen exhibit mainly elongated to the rolling direction as shown in Fig. 10(d) . It indicates that the important factors affecting recovery and recrystallization are not only the size and distribution of constituent particles but also another microstructure feature. This feature will be mentioned in the section 3.4.
In order to investigate the effect of the Mn solute atoms on the recrystallization in the Al-Mn alloy, the electrical conductivity of each homogenized specimen was measured. It is known that the electrical conductivity of the alloy has a linear relationship with the reciprocal of the concentration of an alloying element in the solid solution. The AA3003 alloy contains Mn, Fe and Si elements. However, the electrical conductivity is not particularly influenced by Fe and Si because the amount of contained Fe and Si is small in the present alloy. Therefore, the change of electrical conductivity is mainly due to the variation of Mn in the solid solution. The electrical conductivity is changed to the resistance by equation (1) ρ/nΩm = 1724.1/%IACS
(1)
The contribution of electrical resistivity, ∆ρ, between Mn, Mg solute atoms and Al matrix is 31 nΩm wt% , respectively at room temperature.
13)
Therefore, the Mn concentration in the AA3003 is given by (2) The electrical conductivity, resistance and Mn concentration measured are shown Table 2 . The Mn concen- tration in the solid solution is the highest in the NH specimen. SC specimen contains the lowest Mn concentration among the specimens. These results of the Mn concentration in the matrix are correlated with the micro Vickers hardness and microstructure. It is, then, concluded that the recrystallization temperature, T R , and time t R, decrease with Mn concentration in the matrix. Moreover, even though the hardness is decreased, the NH specimen is not recrystallized at 350 o C. It is indicated that the Mn concentration strongly influences on the recovery and recrystallization behavior. During annealing treatment, the recovery and recrystallization mainly occur. However, the precipitation also occurs in the case of the high Mn concentration in the matrix.
The characteristic of primary particles is similar after deformation in the Fig. 5 . It seems to be unchanged by primary particles on the recrystallization behavior. Therefore the role of primary particles on the grain boundary is ignored. The recrystallization behavior, recrystallization temperature, T R , and time, t R , are changed by amount of Mn solute atom. The recrystallization temperature, T R , is decreased with low amount of Mn solute atom. The recrystallization time, t R , is also lowered with low amount of Mn solute atom. If the amount of Mn solute atom is high, the recrystallization behavior may not occur such as the NH specimen at the low temperature. It indicates that the amount of Mn solute atom is very important factor on the recrystallization behavior. The amount of Mn solute atom retards the recovery and recrystallization behavior due to the precipitation behavior during annealing treatment.
The precipitates also play an important role in the grain refinement after recrystallization. If the number density of precipitate is high, the grain size becomes smaller after recrystallization behavior as shown in the Fig. 8 and  10 . Furthermore the grain size is unchanged after recrystallization even though the recrystallization time in the same specimen is increased, which are illustrated in Fig.  11 . When the amount of Mn solute atom is low, the recrystallization behavior occurred rapidly such as Fig.  11(a) and (b) . The nucleation of precipitate is formed by the remained Mn solute atoms. These nuclei are decelerated the recovery and recrystallization behavior such as NH specimen. Therefore, in the case of the low Mn solute atoms the recovery and recrystallization occur easily. High number density of precipitate is strongly influenced by the grain refinement after recrystallization such as Fig. 11(c) and (d) . The high number density of precipitates interrupts the growth of recrystallized grains. The fine precipitates play an important role in the pinning of the grain growth as in the case of the SC specimen. 
Conclusions
The effect of annealing temperature, time, second phase particles and Mn solute atoms on the recrystallization behavior was investigated in the Al-Mn alloy with different thermo-mechanical process using micro Vickers hardness, electrical conductivity measurements and microstructures. The obtained results are summarized as follows.
1) The No-Holding specimen had the high number density of precipitates after the homogenization treatment. However the recrystallization behavior occurred very slowly compared with other specimens by micro Vickers hardness. In addition, the elongated grains were observed at the low annealing temperature and large recrystallized grains were observed at the high annealing temperature due to the high Mn solute atoms in the matrix.
2) The Slow-Cooling specimen showed the most rapid recrystallization behavior and finest recrystallized grain. It contained small amount of Mn solute atoms after the homogenization treatment compared with other specimens.
3) The recrystallization temperature, T R and time, t R , were influenced by the amount of Mn solute atoms in the matrix and the size of recrystallized grain was influenced by the amount of precipitates. 
